Abstract-The specific absorption rates (SAR) determined computationally in the specific anthropomorphic mannequin (SAM) and anatomically correct models of the human head when exposed to a mobile phone model are compared as part of a study organized by IEEE Standards Coordinating Committee 34, SubCommittee 2, and Working Group 2, and carried out by an international task force comprising 14 government, academic, and industrial research institutions. The detailed study protocol defined the computational head and mobile phone models. The participants used different finite-difference time-domain software and independently positioned the mobile phone and head models in accordance with the protocol. The results show that when the pinna SAR is calculated separately from the head SAR, SAM produced a higher SAR in the head than the anatomically correct head models. Also the larger (adult) head produced a statistically significant higher peak SAR for both the 1-and 10-g averages than did the smaller (child) head for all conditions of frequency and position.
I. INTRODUCTION

A. Background
M
OBILE phone safety and the enforcement of applicable exposure standards are frequent topics in the popular media, and regulatory agencies are striving to insure that compliance testing is accurate. IEEE Standard 1528 [1] and IEC 62209-1 [2] specify protocols and procedures for the measurement of the peak spatial-average specific absorption rate (SAR) induced inside a simplified model of the head of the users of handheld radio transceivers (mobile phones). Both IEEE and IEC standards provide regulatory agencies with international consensus standards as a reference for accurate compliance testing. The simplified physical model (phantom) of the human head specified in IEEE 1528 and IEC 62209-1 is the specific anthropomorphic mannequin (SAM). SAM has also been adopted by the European Committee for Electrotechnical Standardization (CENELEC) [3] , the Association of Radio Industries and Businesses in Japan [4] , and the Federal Communications Commission in the USA [5] .
SAM was developed by the IEEE Standards Coordinating Committee 34, Subcommittee 2, Working Group 1 (SCC34/SC2/WG1) as a lossless plastic shell and an ear spacer. Because current technology does not allow reliable measurement of the SAR in small complex structures, such as a simulated pinna, while maintaining the anatomical structure's integrity, SCC34/SC2/WG1 chose to use a thin lossless ear spacer on SAM to maximize the energy reaching the head and minimize the measurement uncertainty. The need to maintain the essential features of the ear anatomy in order to correctly estimate the SAR in the head was pointed out in [6] , where it was also shown that a lossless spacer would not produce SAR underestimation in the head. The SAM shell is filled with a homogeneous fluid having the electrical properties of head tissue at the test frequency. The dielectric properties of the fluid were based on calculations to give conservative spatial-average SAR values averaged over 1 and 10 g for the test frequencies [7] .
A primary design goal for SAM was that "SAM shall produce a conservative SAR for a significant majority of persons during normal use of wireless handsets" [1] . To determine the extent to which SAM is truly conservative, various investigators have used computational radio frequency (RF) dosimetry to compare the SAR in SAM to that in anatomically correct models of the human head. These anatomically correct head models are commonly derived from MRI scans. Some investigators found that SAM underestimates SAR in adults and children by a factor of 2 or more [8] , [9] . Other investigators found that SAM overestimates SAR in both adults and children [10] , [11] . These contradictory findings may lead to confusion in the lay public and raise the concern of regulatory agencies. Further, they call into question the validity of computational RF dosimetry and the conservative nature of SAM. Other reports have presented mixed results [12] - [26] , further adding to the confusion.
The SCC34/SC2/WG2, whose purpose is to develop computational techniques for determining the SAR in the human body due to wireless communications devices [27] , set out to analyze and resolve the causes for the reported discrepancies. A close examination of the literature revealed several procedural and reporting issues that could account for the discrepancies [28] .
B. Potential Causes of Discrepancies
Inclusion versus exclusion of the pinna from the 1-or 10-g SAR averaging volumes is the first and most significant cause. Some investigators [8] , [9] treated the pinna in accordance with ICNIRP Guidelines [29] that apply the same peak spatial SAR limits for the pinna and the head. Because the pinna is usually the tissue closest to the feed point of a mobile phone antenna, the highest point SAR values are usually found in the pinna; consequently, averaging volumes that include pinna tissue produce higher SAR.
Other investigators [10] , [11] treated the pinna in accordance with, what was then a draft but is now published, IEEE Standard C95.1b-2004 [30] , which applies the peak spatial SAR limits for the extremities to the pinnae. The SAR limit for extremities and pinnae is 4 W/kg per 10-g mass rather than the 1.6 W/kg per 1 g for the body and head. Because of the different peak SAR limits and averaging masses, IEEE Standard C95.3-2002 specifies methods for calculating the peak spatial SAR in the head and pinna [31] . These investigators excluded pinna tissue from their head tissue SAR averaging. However, within this group the definition of head tissue versus pinna tissue was inconsistent and often not described at all. When comparing published results, it was often difficult or impossible to determine whether the head tissue SAR values were based on averaging volumes that included or excluded the pinna. In fact, some papers make no mention of how the pinna was treated.
The second cause of discrepancies is the lack of a common database of anatomically correct models. Investigators have used several different models but the only ones that can be compared across all the published results are the SAM and the Visible Human. The anatomical data for the Visible Man originated at the U.S. National Library of Medicine and many research labs, such as Brooks Air Force Base, and individual researchers converted it into finite-difference time-domain (FDTD) models. This means that the only repeatable comparison that can be made is between the SAM and the Visible Human. It seems obvious that one can neither prove nor disprove that the SAM produces a conservative SAR for a significant majority of persons during normal use of wireless handsets, when there is only one anatomically correct model available for comparison.
Modeling of the electromagnetic source may have also contributed to the reported discrepancies. A dipole was the only model used in more than one study [6] , [14] , [32] , [33] . Simulation models of mobile phones have varied in size, shape, antenna type, antenna length, and sophistication.
The third cause of discrepancies is inconsistent positioning of the mobile phone model relative to the head model. Simulated SAR in near-field exposure conditions is mainly a function of the source geometry, the RF current density distribution on the source, and its geometric separation from the lossy head tissue [1] . When the separation distance is small, a 1-or 2-mm change can significantly alter the SAR obtained for a specific mobile phone and head model [33] , [34] . The computer aided design (CAD) files defining SAM show specific reference points and lines to be used to position mobile phones for the two compliance test positions specified in [1] and [2] . These are the Cheek position shown in Fig. 1 and the Tilt position shown in Fig. 2 . The reference points are not available on anatomically correct models of the head. These reference points can be defined with respect to anatomical features, but the interpretation of these anatomical features can vary between investigators. Consequently, even if two investigators use the same mobile phone and head models, there is no assurance that the positioning of the mobile phone relative to the head model is the same.
Differences in the FDTD software are the fourth potential cause of discrepancies. The basic FDTD algorithm requires a voxelized model. Usual practice is to align the mobile phone antenna with the FDTD voxel grid to avoid the staircase effect as much as possible. The head model is then rotated to the correct position relative to the mobile phone. After rotation, the model must be remeshed to align the voxels with the FDTD grid. Artifacts have been noted in some models after this meshing [24] . These artifacts include distortion of smooth boundaries between tissue types, creation of isolated tissue regions in other tissue types, and creation of empty voxels (air) along a tissue boundary. Any of these artifacts, if not manually corrected, can have a significant effect on the local SAR.
Another potential cause of discrepancies of results is the manner in which the SAR is normalized for reporting. Some investigators have chosen to normalize their results to net input power, while others have used feed-point current. When the mobile phone model is placed next to the SAM or anatomically correct model, it changes the mobile phone's antenna feed-point impedance. The antenna feed-point impedance (Z), feed-point current (I), and net input power (P net ) are related by
Several studies [14] , [15] have shown that the feed-point impedance depends on the head model, the size of the head next to the mobile phone, the position of the mobile phone, and the mobile phone model itself. Because different head models or test conditions would not produce the same feed-point impedance, the SAR normalized to net input power or feedpoint current may exhibit distinct trends. It should be noted that the results normalized to net power are more applicable to practical cases than results normalized to feed-point current due to internal power control or limitation mechanism in wireless products. Finally, a potential contributor to the observed discrepancies is the difference in SAR averaging algorithms. Some papers lack a detailed description of the averaging methods, and in many cases there are different approaches employed, especially in the way the averaging volume is constructed in the vicinity of tissue-air interfaces where the peak SAR values are usually observed. This may further contribute to discrepancies of the reported results [25] .
C. Large Scale Inter-Comparison Study
To address the above problems, the Protocol for the Computational Comparison of the SAM Phantom to Anatomically Correct Models of the Human Head was developed by the SCC34/SC2/WG2. The protocol was designed to control known sources of variability so that the conservative nature of SAM could be inferred using FDTD. The protocol was defined in 2003 and each institution reported its results in 2004. The collective data were analyzed on behalf of the SCC34/SC2/WG2, This paper, reporting the study outcome, is organized as follows. In Section II, a detailed explanation of the study protocol is presented. In Section III, the collective analysis of the results reported by the participating institutions is described. A discussion on the significance and implications of the results and some final conclusions are presented in Sections IV and V, respectively.
II. MATERIALS AND METHODS
Each participating institution was provided with the FDTD database for three head models and a generic mobile phone (Fig. 3) . The three head models were SAM and two anatomically correct models: the Visible Human (Fig. 4) and a 7-year-old Japanese male [15] (Fig. 5) . For the two anatomically correct models, the tissue names and properties were made consistent with the definitions found on the Italian National Research Council, Institute for Applied Physics Web site [35] . The generic mobile phone is formed by a monopole antenna and a chassis, with the excitation point at the base of the antenna. The antenna length is 71 mm for 835 MHz and 36 mm for 1900 MHz, and its square cross section has 1-mm edge. The monopole is coated with a 1-mm thick plastic having dielectric properties ε r = 2.5 and σ = 0.005 S/m. The chassis comprises a printed circuit board having lateral dimensions of 40 × 100 mm and thickness of 1 mm, symmetrically embedded in a solid plastic case with dielectric properties ε r = 4 and σ = 0.04 S/m, lateral dimensions 42 × 102 mm, and thickness 21 mm. The antenna is mounted along the chassis centerline so as to avoid differences between right-and left-side head exposure. The antenna is a thick-wire model whose excitation is a 50-Ω sinusoidal voltage source at the gap between the antenna and printed circuit board. The generic mobile phone used in this study was designed to be a simple and easily constructed model. It approximates the gross physical and emission characteristics of a typical mobile phone but was not designed for strict compliance with international SAR limits. No hand model was included. The dielectric properties of the head tissue used in the SAM model are those defined in [1] and [2] , while those of its shell and the ear spacer were defined as follows: ε r = 5 and σ = 0.0016 S/m. Particular care was used to define the conditions in any FDTD grid that would indicate contact between materials, as this particular aspect, closely related to the phone positioning against the head, was deemed critical.
The protocol called for each participant to run 12 simulations to fill an experiment matrix comprising the three head models, two frequencies (835 and 1900 MHz), and two phone positions (cheek and tilt). Because of the symmetrical antenna location with respect to the phone chassis, simulations were performed with the phone only on the right hand side of the head.
Participants had to report the peak spatial SAR for 1-and 10-g averaging volumes (computed in accordance with IEEE C95. 3-2002 [31] Annex E) that included pinna tissue only, head tissue only, and all (pinna and head) tissues. All results were normalized to both net input power and feed-point current. The pinna of the anatomical models was predefined in the models used by the participants. The voxels comprising the pinna in the provided anatomical models were flagged in accordance with the IEEE Standard 1528 definition of the pinna, and the choice of each flagged voxel was confirmed by an Ear-NoseThroat surgeon. The flagging of the pinna voxels did not alter the electrical properties of the anatomic tissue type; skin, cartilage, etc. The reference points, which are necessary for positioning the mobile phone relative to the anatomically correct models, were also defined in the FDTD data set defining each anatomical model.
To aid comparison of results from all the participants, a common coordinate system was defined with origin at the acoustic output of the mobile phone (see Fig. 6 ). A common framework to define the 15
• rotation required to simulate the tilt position was established as well.
The protocol, as described, is an exhaustive examination of six independent variables: 1) frequency (835, 1900 MHz); 2) position (Cheek, Tilt); Thus, a total of 144 unique cases would be defined. However, because SAM has a lossless pinna, the pinna only and all tissue cases are not applicable to the SAM. This reduces the total number of cases requiring SAR averaging to 112.
Participants also reported a number of other results including positioning data, mobile phone impedances in free space, and radiated versus absorbed power. Of the 16 data sets, eight were computed using unique software, 3 were computed using XFDTD (Remcom, Inc.), and five were computed using SEMCAD (Schmid & Partner Engineering AG). A mixed linear model analysis of variance (ANOVA) was performed across the three types of software: XFDTD, Tables I-IV show the mean and standard deviation of the SAR results reported by the participants. As a validation, one of the participants constructed physical representations of the generic mobile phones at 835 and 1900 MHz [36] . The physical generic mobile phone models were used as the RF source for a limited number of SAR measurements with an actual SAM phantom. The measurement results and the corresponding computational averages are shown in Table V and plotted in Fig. 7 . Tables VI and VII show the statistics for reported distance between the generic mobile phone feed point and the nearest tissue voxel for cheek and tilt positions, respectively.
The SAR data for the anatomical models was normalized by the SAR for SAM under the same conditions. A mixed linear model ANOVA was performed, with Group as the random effect and with Tissue, Averaging volume, Frequency, Position, Model, and Normalization as fixed effects. Initial results suggested stratification over the three tissue types (all, head only, and pinna only) and also showed that the difference in normalization (1 W or 200 mA) is not statistically significant (p > 0.06). Final results showed that the average SAM normalized SAR for the adult model is statistically significantly greater than the average SAM normalized SAR for the 7-yearchild model, for each of the three tissue types (p < 0.02).
IV. DISCUSSION
Because the SAM phantom is accepted in IEEE and IEC standards for compliance testing, it is convenient to normalize the SAR for the anatomic models to the SAR from SAM for the same conditions. Table VIII shows the normalized mean values and standard deviations of SAR when only head tissue is used for the SAR averaging volume. This table shows the average head only SAR for the anatomic models is consistently less than that for the SAM for all simulated conditions of frequency, position, SAR averaging volume, and normalization. This indicates that if the peak spatial SAR from compliance tests using SAM with a particular mobile phone meets the SAR limit for head tissue, then the exposure of a human head to that particular mobile phone would be below the limit.
Because current SAR test methods do not allow measurements in the pinna, SAM has a lossless ear spacer instead of the pinna. In this study, however, it was possible to compute the SAR in the pinna of the anatomic models using specific SAR averaging techniques. Table IX shows the means and standard deviations of pinna only SAR normalized to the mean SAM SAR for the same exposure conditions. This table shows that the average pinna only SAR for the anatomic models can exceed the SAR in the head for SAM. The highest pinna SAR seen was 1.44 times (144%) the maximum head SAR in SAM. To consider whether head size has a consistent effect on SAR, we compared the SAM normalized results for the 7-year-old child model to the adult model. For head tissue only (Table VIII) , the child model peak-SAR was lower than the adult model's in 13 of 16 averages, for pinna tissue only (Table IX) the child model peak-SAR was lower in 11 of 16 averages, and for all tissue (results not shown), the child model peak-SAR was lower in 10 of 16 averages. ANOVA analysis shows that, for all three tissue types, differences among these results are statistically significant. Generalizing from these data one might infer that larger (adult) heads tend to produce larger SAR.
In spite of the steps taken to reduce the variance of the results among all the participants, for each of the 112 cases presented in Tables I-IV the standard deviation is a significant percentage of the mean. Specifically, for the 56 cases at 835 MHz the average standard deviation is 17% of the mean, for 1900 MHz it is 29%. We suspect much of this variation is due to positioning differences as reflected in Tables VI and VII. In the near-field conditions being simulated a few millimeters, change in distance can result in a significant difference in SAR. Differences in positioning distance would produce the highest SAR variance in pinna tissue which, being adjacent to the mobile phone, would experience the greatest relative change in the distance. Small distance changes would produce less variance in the head tissue than in the pinna tissue. Comparing the pinna tissue only standard deviations from Table IX to the head tissue only standard  deviations in Table VIII , we find this to be true.
The cause of the positioning variation is believed to be the differences in human judgment when interpreting the instructions for proper positioning of the mobile phone for simulation or compliance testing. An improved method for mobile phone positioning on anatomical models that could be considered for a future computational compliance standards was recently presented [36] .
V. CONCLUSION
The variance of observed results from computer modeling is comparable to that from experimental measures in phantoms, as it is subject to errors and differences in judgment during positioning.
The unique feature of this study is the large number of simulations from multiple institutions; our conclusions are based on the collective averages of the results presented by the participating institutions. As is true with any experiment, our conclusions are applicable only to the situations studied, generalization to other situations may involve factors that alter the conclusions.
When only head tissue is considered, data show that the SAM produces higher SAR than the anatomically correct models that were considered. This leads us to conclude that the SAM does produce a conservative estimate of SAR in the head and assures compliance with respect to the international exposure guidelines. The larger (adult) head resulted in a statistically higher peak SAR than did the smaller (child) head for all conditions. Peak SAR in the pinna of the anatomically correct models was slightly higher than the head SAR seen in SAM, which indicates that local SAR averaging techniques in this region may need further consideration.
